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3154 D. E. H,-\RRISOX 
solidification can yield microstructures very similar to 
those obtained by freezing such nonassociated liquids 
as metals. 
On an atomic scale, the x-ray data both demonstrated 
that melt-grown and vapor-grown single crystals had 
regular periodicity of the lattice in the "e" axis direction, 
and revealed a disorder normal to the "e" axis which 
was especially evident in melt-grown crystals. The 
Weissenberg technique showed that the disorder en-
volved an angular displacement of the "a" axes rather 
than any change in the "d" spacing. Unfortunately, 
the absolute configuration of the hexagonal selenium 
structure cannot be obtained by means of anomalous 
x-ray scattering techniques. Since the atoms occupy only 
one symmetry position, the anomalous scattering of the 
selenium atoms is symmetrical with respect to the other 
atoms of the crystal and it cannot be resolved experi-
mentally. The data suggest that a small volume of the 
crystal is twisted about the "e" axis direction to produce 
the observed distribution in basal plane direction. 
The absence of the disorder in the vapor-grown crys-
tals produced at high pressures suggests that the dis-
order in the melt-grown crystals is a result of the growth 
process and that it may be related to the degree of 
association (average chain length) of the melt. Extra-
polation of the viscosity data6 along the melting curve 
to higher pressures indicates that the melt viscosity at 
12.5 kbar is about the same as it is at 4.5-kbar pressure. 
Providing that the ring-chain equilibrium6 depends 
mainly on temperature at the higher pressures, the de-
crease in average chain length at the higher freezing 
temperatures may promote the growth of mOre perfect 
crystals. 
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We have used an n-body collision computer simulation model with a Gibson #2 potential to examine 
various ways in which the lattice nature of the slowing down material influences the motion of a medium-
energy copper atom. For normal incidence upon a (110) surface, we found that the lattice has a significant 
effect upon the scattering angle when a lO-keV copper atom strikes an atom of a copper lattice. The channel 
area, which comprises approximately 40% of the representative area in this orientation, is quite insensitive 
to the copper atom's energy above 1 keY. Total ranges are significantly longer than those reported by Robin-
son and Oen from calculations based upon a binary collision model. Below 1 ke V, total ranges closely approxi-
mate the Ei law reported by Kornelsen et al. Above 1 keY dE/dx=A -B/E appears to describe the motion 
at all positions in the channel if the values of A and B are specified for the initial point at which the atom 
enters the channel. This behavior above 1 keY is clearly nonphysical. To be meaningful, even at inter-
mediate energies, computer range studies must include inelastic energy losses. Lattices are known to focus 
atoms incident near the [110J direction into [110J channels. This mechanism was studied at the center of 
the channel with 1-keV atoms. The effect is anisotropic in the azimuthal angle, but we found that atoms 
inside a 10° cone were always focused, and that 20° focusing occured in one orientation. Angular focusing 
was less effective at higher energies. Transverse oscillations in the channel were also considered. The "wave-
lengths" are proportional to Et, but oscillations are usually not symmetric about the channel axis. Transverse 
motion is approximately harmonic, but the "vertical" and "horizontal" frequencies are never commensurable. 
We have evidence for a skimming mechanism in which high energy atoms are confined between (111) planes, 
or to a lesser extent between (100) planes. Trajectories of 5-keV knock-on atoms are shorter than 40 A unless 
the moving atom skims. One true channel event was found in 120 trials in which the movingatom started 
from a lattice site. 
I N a recent study,! two of the authors examined the ways in which a two-body collision event is changed 
* This work was supported by the U. S. Office of Naval 
Research. 
t LT, U. S. Navy, portions of this work were submitted in 
partial fulfillment of the requirements for the degree of Master of 
Science. 
when the target atom is part of a crystalline lattice. 
That report was primarily concerned with low-energy 
events where lattice effects are most evident. In part, 
t LT, U. S. Navy. 
1 W. L. Gay and D. E. Harrison, Jr., Phys. Rev. 135, A1780 
(1964). 
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this paper is a continuation of that project into the 1-
to lO-ke V energy range. Here lattice influences are more 
subtle, but we now have evidence that they must also 
be considered in medium energy events. 
I. SCATTERING EVENTS IN LATTICES 
In the earlier paper, I, we reported that the lattice 
has little effect upon either the energy transferred to 
the target or the target recoil angle when the moving 
atom energy exceeds approximately 1 keY. (Of course, 
the actual limit must be dependent upon the choice of 
interatomic potential. All oj the results reported in this 
paper refer to the Gibson # 2 potential.) For single-
collision studies small changes in the scattering angle 
also are not significant, but the cumulati21e effect of these 
small changes is important in total range calculations 
which require a large number of collisions. 
Figure 1 shows how the lattice influences the scatter-
ing of a lO-keV copper atom from various points in the 
representative area of the (110) surface of a copper 
lattice. The calculations which lead to this figure are 
identical to those reported in I (it was done on the same 
computer program), which should be consulted for a 
detailed study of the model, its approximations, and all 
computational details. Errors as large as 5% are pos-
sible, but the topographical details of the surface 
should remain in spite of such errors. As part of the 
channel studies we ran the program backward for a 
duration of two collisions, and found that all of the 
original parameters were reproduced to wi thin 0.1 %. 
At these higher energies the computer energy error is 
always less than 1.0%. 
When an atom moves in the [11OJ channel of a fcc 
crystal it makes alternate collisions, first near the B 
point of Fig. 1, and then near point G. At B the moving 
atom passes between a pair of nearest neighbors, while 
at G the pair are next-nearest neighbors. The collisions 
at G are relatively distant, so the "double-collision" 
effect is less significant than at B. By double collision 
we mean a situation in which a moving atom undergoes 
two identical simultaneous collisions with atoms at rest. 
We found in I that the double collision enhances 
the energy transfer to each target because the moving 
atom is not free to recoil. At these energies the total 
energy transfer is relatively small, and the enhance-
ment is well within our margin of error. Double collisions 
also reduce the scattering angle, from "-'0.6 0 to 0.00 
at 10 keY, and from ",1.1 0 to 0.00 at 5 keY, at point B. 
Because a strict conservation of linear and angular 
momentum is imposed upon the system at all times, the 
angular calculations should be more reliable, with 
errors smaller than we tolerate in the energy. 
These small angular effects seem insignificant, but we 
shall see that total ranges calculated with this program 
greatly exceed those obtained by Robinson and Oen2 
2 M. T. Robinson- and O. S. Oen, Phys. Rev. 132, 2385 (1963), 
hereafter referred to as RO. 
SCATTERING ANGLE 
GIBSON 2 POTENTIAL 
10 ke V Bombardment 
face centered cubic 
(110) surface 
C 
FIG. 1. This figure is a severely truncated section of the surfaces 
which describe the angle by which a lO-keV copper atom is 
deviated from the normal direction when it is initially aimed at the 
specified point on the base plane, which is a (110) surface. An 
atom of the surface (110) layer is located at point A and an atom 
of the second layer is below point C. [110J channels are located 
at points Band G. Solid lines describe the scattering in the lattice; 
broken lines refer to the equivalent binary scattering angle. 
(RO). We feel that this variation depends upon the 
relatively small difference in the treatment of scattering 
angles. 
In a recent letter Lindhart3 reported theoretical 
studies based upon interactions with chains of atoms. 
On the basis of our analysis we feel that neighboring 
chains will significantly influence these results through 
the accumulated effects of many small modifications of 
the primary scattering angle. .. 
II. TOTAL RANGES 
Many tests of our model, as reported in I, were made 
with a modification of the scattering program which 
allowed us to follow the subsequent behavior of the 
microcrystallite after the collision event. We examined 
some of the branching and chaining events reported 
by Gibson, Goland, Milgram, and Vineyard4 (GGMV), 
as part of our analysis of the similarities and differences 
between the two approaches. 
This test program was then modified to study total 
range events. It would be prohibitively expensive in 
computer time to attempt to follow the total temporal 
development of the atomic cascade "tree," but we have 
been able to follow the original, moving copper atom 
through all of its interactions over distances as large 
as 0.5 J.I. (approximately 3000 collisions). As a single 
run of this type is still very time consuming, we have 
also developed procedures which give us a great deal of 
information about the basic interactions, and which 
allow us to infer the total ranges for cases where we did 
not run the total computation to completion. 
These long range studies were done in a modification 
of the basic program which regenerates the original 
3 J. Lindhart, Phys. Letters 12, 126 (1964). 
4 J. B. Gibson, A. N. GoIand, M. Milgram, and G. H. Vineyard, 
Phys. Rev. 120, 1229 (1960); hereafter referred to as GGMV. 
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microcrystallite6 in the appropriate direction whenever 
the bullet atom approaches within 2.0 lattice units of 
the surface of the microcrystallite. In the regeneration 
process two atomic planes were removed "behind" the 
bullet, and two more generated in front of the bullet. 
The removal takes place after these atoms have ceased 
to interact with the bullet, and the regeneration occurs 
well before the bullet approaches the regenerated region. 
Thus at all times the bullet moves in an environment 
of its own making, although the lattice is always re-
appearing ill: front of it. Regeneration can occur on all 
six faces. The regeneration process gives a true descrip-
tion of events, subject to the general limitations of the 
model, except when the moving atom re-enters a region 
which it has already traversed at some earlier time. 
We have encountered a vary few cases where this 
occurs, but they are not common. 
Before beginning a discussion of the results of these 
simulations, we must indicate very clearly that these 
results cannot be compared directly with experiment. 
The simulations are based upon two assumptions which 





GIBSON 2 POTENTIAL 
(110) ORIENTATION 
FIG. 2. The total penetration, not the vector range, in lattice 
units (LU) is associated with the point of aim for various points 
in the representative area of the (110) surface. The initial velocity 
was normal to the surface in each case. A channel region is quite 
evident, even at this energy. 
6 The actual number of atoms in a depends 
upon the crystal orientation under study. For the (110) surface we 
found that 31 atoms were sufficient to contain a single event; so 
this number was retained in the range simulations. In this sample 
we calculate the forces which the incident atom exerts upon its 
neighbors, and also the force which each atom of the sample exerts 
on all others; as well as the bullet. Erosion of the potential guar-
antees that no atom is ever in simultaneous interaction with more 
than eight others. 
TOTAL PENETRATION 
5 keY 
COPPER - COPPER 
GIBSON 2 POTENTIAL 
(110) ORIENTATION 
FIG. 3. This figure represents the same information as Fig. 2, 
except that the initial energy is now 5 keY. The trajectories 
near the center of the channel were truncated after 600 LU 
("-' 1000 .i). True interplanar channeling occurs near the midpoint 
of the hypotenuse. 
(1) The bullet moves in a perfect lattice, which is 
undisturbed .... by thermal displacement of the atoms. 
Preliminary calculations -indicate that thermal effects 
are too large to neglect, but their actual contribution is 
still unknown. We intend to investigate thermal effects 
sometime in the future. 
r. (2) All "inelastic" energy losses have been neglected. 
Moving atoms are known to lose energy by a "friction" 
method at low velocities,6-8 as well as by the more 
familiar resonance effects which appear at higher 
energies. 
Both the GGMV and RO calculations suffer from 
these same defects; so in a sense we are simply com-
paring theoretical results with other theoretical results, 
but in a broader sense, we are indicating the modifica-
tions which n-body effects introduce into the earlier, RO, 
model. We shall also consider certain lattice effects 
which should be relatively insensitive to either of these 
assumptions. Let us hold these reservations firmly in 
mind as we consider the influence of the n-body effects. 
Figure 2 shows a total penetration contour for l-ke V 
copper atoms moving in the [110J direction of a copper 
lattice. The Gibson # 2 potential was assumed. These 
penetrations are much larger than we would expect upon 
the basis of the Xe+-W results reported by Kornelsen, 
6 O. B. Firsov, Zh. Eksperim. i Teor. Fiz. 33, 696 (1957) 
[English transl.: Soviet Phys.-JETP 6, 534 (1958)]. 
1 A. Russek, Phys. Rev. 132,246 (1963). 
8 G. H. Morgan and E. Everhart, Phys. Rev. 128, 667 (1962). 
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FIG. 4. This integral penetration curve, or "Davies plot," 
indicates the magnitude of disagreement between the binary and 
n-body models. Unfortunately the individual two-body inter-
actions are not handled in exactly the same way in the two pro-
grams. The binary model interaction is truncated; that is the 
interaction potential is cut off near the nearest-neighbor distance. 
This leaves a discontinuity in the potential at this point, but RO 
feel that in their program it gives the best approximation to the 
true physical situation. Our potential is eroded, that is the value 
of the potential at cut-off is subtracted from the potential at all 
lesser separations. This gives a smooth potential, and force func-
tion, which are required in an n-body interaction. 
Brown, Davies, Domeij, and Piercy.9 The excessive 
range is even more evident in Fig. 3, which is the same 
penetration contour for 5 ke V with the Gibson # 2. 
Here the calculations were terminated at 600 L U, so 
the contour is artifically truncated. The shape and 
extent of the [110J channel is very evident. 
From Fig. 3, we can develop a fractional penetration 
plot which can be compared directly with a "Davies 
plot" (fractional activity remaining vs thickness re-
moved). In Fig. 4 we plot the percent of primaries 
which have not stopped vs the penetration depth for 
5-keV bombardment energy. Curve B of this figure, 
taken from RO, corresponds most closely to our 
conditions. 
When we express our results in this way, the striking 
differences between the nobody and binary collision 
models are particularly apparent. In particular, it is no 
longer feasible to even suggest that the theoretical 
ranges can be made to approach reasonable experi-
mental values by "hardening" the potentiaL A potential 
hard enough to effect the requisite reduction would be 
clearly incompatible with the GGMV calculations 
which seem most reliable in the low-energy region. We 
have made similar calculations with the Thomas-
Fermi potential, see for example Oen and Robinson,to 
but the improvement is not large enough to overcome 
the basic problem. 
We can demonstrate the breakdown of our present 
computer simulation model in still another way. 
Kornelsen et al.,9 have shown that at low energies their 
Xe+-W ranges are proportional to E!. At higher energies, 
of the order of 150 keY, their ranges seem to be ap-
proaching an dependence. Our total penetrations, in 
the center of the channel, are shown in Fig. 5, plotted 
against an El power scale. We found a similar de-
pendence in the [100J channel of the bcc lattice. For 
higher energies it is more convenient to work with 
dE/dx than with the total penetration directly. We 
found that for normal incidence, and energies greater 
than 1 keY, at all points within the channel as indicated 
in Fig. 3, dEl dx could be adequately represented by the 
formula 
dE/dX=A (x,y)/Et+B(x,y). (1) 
The constants A (x,y) and B(x,y) are determined for a 
particular impact point (x,y) ,and then may be applied 
at that point for all energies. Equation _ (1) can be 
integrated to give a total range formula 
(E-1000) 
X (E) = X 1000+---
B 
1 [l+BE/A ] In . 
AB2 1+1000B/A 
(2) 
This range-energy relation is approximately X pro-
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100200300 400 SOO 600 100 800 900 1000 
(BOMBARDMENT ENERGy)3/2 (eV) 
FIG. 5. This figure illustrates the close agreement between 
simulation and experiment at low energies. Away from the 
channel axis the relationship' continues to hold, but the slope 
changes as the target point is displaced. 
9 E. V. Kornelsen, F. Brown, J. A. Davies, B. Domeij, imd G. R. 
Piercy, Phys. Rev. 136, A849 (1964). 
10 O. S. Oen and M. T. Robinson, J. App!. Phys. 35, 2515 
(1964). 




GIBSON 2 POTENTIAL 
FIG. 6. This figure shows the shape of the 1-keV channel as 
defined by the spread, (X12/ X2)1, rather than the range. Note that 
the two definitions do not coincide exactly, but that the total area 
is essentially the same. Any arbitrary spread less than 0.5 could 
be treated as the outer limit of the channel. We chose 0.1 for this 
limit. 
10% correction at 3 keY. At 3 keY we found a 3% 
difference between the penetration calculated from 
Eq. (2), and a machine computation which was allowed 
to run to completion. 
We are forced to conclude that the present computer 
simulation models are not sufficiently sophisticated to 
give reliable total range calculations. The failure may 
be in either, or both, of our simplifying assumptions. 
We have made a beginning toward the removal of both 
of these simplifications, and hope to report a more 
realistic calculation at some future time. 
III. CHANNELS 
We now would like to describe some properties of 
channels which are, hopefully, not so sensitive to the 
oversimplifications. The results may require modifica-
tion when the perfect lattice restriction is removed, 
but most of the general properties should not depend 
significantly upon the lattice temperature so long as it is 
maintained well below the melting point. 
A. Channel Size 
We have seen indications that a significant fraction 
of our representative area must be considered part of the 
channel. A convenient measure of a channel's contain-
ment of the primary particle is the spread, which we 
define as S= (X12/X2)l, where XL is the maximum per-
pendicular (transverse) displacement from a line drawn 
through the-)mpact point parallel to the [110J chan-
nel, and X is the total penetration. In terms of 
these variables the magnitude of the vector range is 
R = (X 12+ X2)!. The spread values for various impact 
points in the l-ke V Gibson # 2 channel are shown 
in Fig. 6. We can see that the boundaries of the channel 
are sharply delineated, even at 1 keY. The channel re-
gion, which comprises approximately 50% of the 
representative area at 1 keY, increases to approxi-
mately 65% of the total area at 3 keY. The limit 
appears to be about 70%. If these fractions seem un-
realistically large, we must remember that thermal 
displacement will reduce the area of the channel, but 
we cannot predict the extent of this reduction. 
In all of our range studies we have considered a 
triangular representative area which is actually half 
the true representative area of the (110) surface. We 
examined the equivalent points in the remainder of 
the complete representative area and found practically 
identical total penetrations and spread values. The 
channeling process is so completely the result of a 
series of collisions that, in the channel region, the nature 
of the first collision in this series is relatively unimport-
ant. At 5 keY the channel region is almost a perfect 
square with one corner touching the midpoint of the 
hypotenuse of the triangular area. 
As we expected from the penetration behavior ex-
hibited in Fig. 4, the n-body model predicts a much 
more open channel than the binary collision model. 
This is a direct consequence of the n-body reduction of 
scattering angles. The large "open area" which we see 
here suggests that the very word "channel" may be a 
misnomer. A better picture for [l1OJ incidence on the 
(110) surface appears to be that the primary moves in a 
planar open region between (111) sheets of atoms. This 
"interplanar channeling" mechanism has already been 
proposed to describe the [100J channeUI It is quite 
different from the "skimming" mechanism which we 
shall describe later. 
B. Focusing Within the Channel 
Another channel property is exhibited in Fig. 7. Here 
we see that when the moving atom is directed to pass 
through the centerline of the [llOJ channel at an angle 
8, the moving atom is strongly focused into the [110J 
direction. As we would expect, the focusing property 
is a function of cp, the azimuthal angle around the 
[110J direction, and depends strongly upon the nature 
of the first collision. Better focusing occurs when the 
first collision is with a "far" pair of atoms than when it 
is with a "near" pair, that is, at G rather than at B in 
Fig. 1. From Fig. 7 we see that 8= 10° from the [llOJ 
11 This mechanism was a topic of conversation at the AERE 
conference on "Atomic Collision Cascades" at Harwell in July 
1964 (see AERE Report R4694). M. W. Thompson used it as 
an explanation of the smearing of sputtering spot patterns at 
higher SeeR. S. Nelson, M. W. Thompson, 
B. W. Farmery, and M. J. Hall, Phys. Letters 2, 124 (1962). 
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direction will always focus, and ()= 15° will focus near 
[OOlJ, [itOJ, and occasionally at other orientations. 
The far collision focuses at ()= 20° in the [OOlJ orienta-
tion, but the atom retains very little energy. These 
appear to be true channel events, because the moving 
atom remains near the channel centerline except for 
large values of (), and the trajectories terminate by 
exhaustion, i.e., slow energy degradation, rather than 
by a single hard collision. 
The focusing mechanism is less effective at higher 
energies. For 5-keV bombardment, the "near collision" 
does not channel at ()= tOO except for the [OOlJ orienta-
tion, while the "far collision" at ()= 10° does not focus 
at I(! = 60°. This decrease in efficiency can be visualized 
as a necessary consequence of the apparent spreading 
apart of the atoms in a close-packed line as the relative 
energy of the moving atom increases. The targets appear 
smaller, and the moving atom has a better chance of 
slipping between two atoms of the chain. 
Thermal displacement will tend to reduce the 
"focusing power" of the lattice, and the loss with in-
creasing energy will become even more pronounced. 
C. Oscillations in the Channel 
The oscillations of channeled atoms about the channel 
axis have received considerable theoretical attention.2,12 
Our model supports the previously reported result 
that the "wavelength" of these oscillations is propor-
tional to Et. When the initial displacement of the 
primary knock-on atom from the channel center is 
either [OOlJ (distant neighbor) or [ilOJ (near neighbor) 
the wavelength is determined by both the initial posi-
tion and the energy. There is no apparent relationship 
between position and wavelength. Oscillations which 
start in the near-neighbor plane ([llOJ displacement) 
appear to be always approximately confined between 
the initial position and the channel axis. They do not 
oscillate symmetrically about the channel axis for any 
initial amplitude or energy. Oscillations which start in 
the far-neighbor plane ([OOlJ direction) fall into two 
classes: Displacements less than "'0.2 LU oscillate 
symmetrically about the potential minimum which lies 
in that plane. Oscillations of greater amplitude oscillate 
about the channel axis. Thus the actual behavior is 
quite different for initial displacements in the two 
simply oriented directions. 
When the initial displacement contains both [OOlJ 
and [110J components the motion is quite complex. 
If we resolve the motion into components parallel to 
the simple orientations, the following generalities 
appear: (1) The two perpendicular wavelengths are not 
commensurable, even for displacements in the [111J 
(symmetric) direction. (2) The wavelength of one 
component bears no simple relationship to the wave-
12 R. S. Nelson and M. W. Thompson, Phil. Mag. 8, 1677 
(1963) and references therein. 
OBLIQUE INCIDENCE 
EI1Ir9Y (eV) aft. 20 L.U 
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[110] Channel center 
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o scattered out 
of channel 
FIG. 7. This figure presents two sets of d!lta: the upper right 
refers to the situation when the direction [110J connects a pair 
of nearest neighbors [in the (110) surface] and the lower left 
describes our results when the [itO] direction contains next-
nearest neighbors. The data in lower left, reflected through a 
4S Q line passing through the origin, would refer to the same initial 
conditions as the right-hand data, but started one layer deeper 
into the lattice. All trajectories were initially directed at the 
channel center in the first (110) layer. The "cone" angle (J is 
plotted as a radius, and the orientation angle cp is indicated. Note 
that all values inside the(J= 10° cone will focus, and that occasional 
values to 20° stay in the channel. 
length associated with that displacement in the simple 
planes. 
We report these results with some reservations, be-
cause they will probably require some modifications 
when we examine the thermally displaced lattice. 
IV. LATTICE SITE STARTS 
We ran a series of tests in which the moving atom 
was given an energy of 5 keV and started from a lattice 
site toward a channel as indicated in Fig. 8(a). The 
final vector range, which results when the atom is aimed 
at a particular point, is correlated with the point in 
Fig. 8(b). Thus a point in Fig. 8(b) defines the orienta-
tion of the original velocity vector as indicated in Fig. 
8ea). It is convenient to refer to these vectors by the 
point at which they intersect the (110) plane. These x 
and y values correspond to locations on the surface of 
our initial microcrystallite. Of all the directions ex-
amined, only one (1.5, 1.6) entered a channel. It finally 
stabilized into a [101J direction channel, not into the 
indicated [110J direction. The final [101J channel is 
displaced "'3.0 lattice units in the +x direction from 
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FIG. 8. (a) This is the relationship between a particular lattice 
site and a plane in the next (110) layer "behind" the site. Possible 
velocity directions from the site can be associated with points in 
this plane. One such velocity vector is indicated. All possible 
directions from this site would be encompassed by this_plane if it 
were extended to infinity in the indicated [OOlJ and [110J direc-
tions. The indicated area covers 43% of the total solid angle of 
the octant. (b) Here the vector ranges, in LU, produced by some 
representative velocity vectors, are associated with points as in-
dicated in (a). The skimming effect is quite pronounced along 
these horizontal, (100) layers, and diagonal, (111) layers, lines. 
The vertical set is more questionable. Note that the single true 
channel event occurs at the intersection of two skimming planes. 
the [101J channel which passes closest to the initial 
lattice site. The lattice atom enters this channel with 
an energy of "" 1600 e V. Obviously the channeling 
event was the result of a series of collisions, and in no 
sense was it a direct transition from lattice site to 
channel. We have only examined 43% of the representa-
tive octant, but this is the region most likely to provide 
direct entry into the indicated [110J channel. We feel 
that there is little probability that a primary knock-on 
will ever be driven into a neighboring channel. 
In spite of the almost complete failure of the channel 
mechanism, Fig. 8(b) does illustrate an interesting 
physical effect. The diagonal lines in the figure are 
parallel to (111) planes. We can interpret the relatively 
longer ranges obtained at these impact points as tra-
jectories which are confined between (111) planes. 
One horizontal and one vertical line indicates that the 
same effect occurs between (Om) planes. We distinguish 
two general categories of long-range motion in a crystal. 
True channeling events, whether "normal" or "inter-
planar"ll are characterized by energy degradation by 
attrition. The moving atom never produces a dis-
placement by collision, and the trajectory terminates 
by exhaustion, leaving a single interstitial atom at its 
end point. The other mechanism is similar to the motion 
of a flat stone skimming or skipping over the surface of 
a pond. The atom moves in the interplanar region be-
tween (100) or (111) planes, and produces an occasional 
displacement by single hard collisions with atoms of 
these planes. The distance between these collisions is 
routinely between 5 and 8 lattice units. The trajectory 
terminates by a single hard collision which produces the 
usual network of branching collisions.4 We shall refer 
to this mechanism as skimming. Beeler13 has evidence 
for the same mechanism, but does not correlate his 
trajectories with the type of motion. The probability 
that a given knock-on will produce this type of tra-
jectory may be as high as 20%. 
We can now attribute three types of trajectories to 
primary knock-ons: (1) Branching collisions which are 
relatively short-range events, even for a 5-keV primary 
knock-on, (2) skimming events which are relatively less 
common, and (3) channeling events which are extremely 
rare. 
We have no evidence for long vector range knock-on 
events (R>20LU) at 5 keVwhich cannot be correlated 
with the skimming mechanism. We can distinguish 
"skimming" from "channeling" because the former 
leaves a trail of low-energy displaced atoms while the 
latter loses energy only by attrition. The displacement 
partial 
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FIG. 9. This is the distribution of ranges from Fig. 8. The shaded 
portions of each bar were contributed by the lines indicated in 
Fig. 8(b). Their contribution to the long-range portion of the 
distribution is very noticeable. 
13 J. R. Beeler, Jr., and D. G. Besco, J. Appl. Phys. 34, 2873 
(1963); Phys. Rev. 134, A530 (1964). 
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cascade from a skimming event will occupy a much larger 
spatial volume than we might expect from statistical 
cascade theory. 
Figure 9 shows the distribution of vector ranges from 
Fig. 8. This distribution does not refer to all possible 
directions in the crystal. It does seem to indicate that 
the skewed nature of the "isotropic" differential 
penetration curve of RO (Fig. 12 of Ref. 2) masks an 
interesting, and perhaps important physical phe-
nomenon. Our curves are very similar, but we can see 
the correlation of longer ranges with particular initial 
velocity orientations. All of our longer-range events could 
. be correlated with the skimming mechanism. They com-
prised approximately 16% of the trajectories examined. 
V. SUMMARY AND CONCLUSIONS 
From this diverse collection of information we can 
discern a twofold pa ttern encompassing both real 
physics and the computer simulation experiments on 
high-energy events in crystals. Our investigations sug-
gest the following conclusions: 
(1) Trajectories simulated in the computer exhibit 
many properties of the true atomic motion, but this 
method is not yet sufficiently developed to predict 
actual ranges which can be compared with experiments. 
Qualitatively the simulations give a good picture of the 
true events, but at present their results are not quantita-
tively reliable. 
(2) The various computer simulation models are 
only qualitatively in agreement among themselves. 
The n-body approach initiated at Brookhaven,4 gives 
very different results at high energies from those re-
ported by the Oak Ridge group2.10 with a binary col-
lision model. In particular, the n-body model predicts 
much longer ranges than the binary model which 
neglects simultaneous collisions. Thus the model which 
is intuitively most attractive gives poorer agreement 
with experiment. More realistic simultations which 
can include both thermal motions and inelastic energy 
losses are clearly required. 
Certain specific properties of motion in a lattice 
should be independent of the preceding considerations. 
These comprise the specific conclusions of this 
investigation. 
(1) A third type of motion, somewhat different from 
interplanar channelling, which we prefer to call skimm-
ing, appears to be of considerable importance for the 
motion of knock-on atoms. This mechanism produces a 
series of widely spaced, 5-8 LU at 5 keY, displacement 
producing collisions. The result is a series of relatively 
localized damage sites, whose size is determined by the 
energy transferred in the individual collisions, which 
are strung along the trajectory at well separated 
intervals. Because of their isolation, these events should 
be particularly susceptible to self-annealing. We 
anticipate that as many as 20% of the primary collisions 
will lead to knock-on trajectories of this type. Almost 
all of the remaining primary collisions produce short 
range knock-ons, and extensive localized damage of the 
type described by GGMV. True channel events pro-
duced from knock-on atoms appear to be very un-
likely. We think that much of the "probability of 
channeling" required in various damage theories14,15 
must be attributed to skimming and not to true chan-
neling. The skimming mechanism appears to be less 
significant for atoms introduced into the lattice by 
external irradiation. 
(2) The channels of the n-body model are much more 
open than those obtained from the binary model. In 
the present approximation many more external irradia-
tion atoms enter channels and the shape of a "Davies 
plot" is quite different from the experimental form. We 
anticipate that a more sophisticated simulation will 
lead to better agreement with experiment. 
(3) Near its centerline, the channel focuses very well. 
We have not examined this effect over the entire chan-
nel area because the group of possible permutations of 
position, orientation, and angle is much too large to 
explore in detail. Like the energy chain, the channel 
loses focusing power as the atom energy increases, but 
the decrease with energy is much slower. 
(4) Oscillations about the channel axis apparently 
will not be so useful a probe as has been anticipated.3,16 
We have found no simple relationship between the 
amplitude of these oscillations and their wavelength. 
Furthermore, when the displacement has both vertical 
and horizontal components in the transverse plane, the 
corresponding wavelengths are not commensurable. 
Finally, and most damaging to any attempts tointerpret 
these oscillations, they do not always occur about the 
channel axis. In some cases the axis of symmetry is the 
potential minimum, in others the channel axis, some-
times a slight shift changes the motion from one to the 
other, and on some occasions the oscillation is confined 
between the initial displacement and the channel axis. 
Under the circumstances we cannot make any useful 
generalizations about this motion. 
We have work in progress on the more sophisticated 
model outlined above, and plan to report additional 
results in a future paper. 
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